Abstract
Abstract 21
Determining the drivers underlying ecological succession is a fundamental goal of ecological 22 research and essential for predicting ecosystem functioning in response to human-induced 23 environmental changes. Although various studies have examined the impacts of nitrogen (N) 24 addition on plant and microbial community diversity, structure and activities, it remains 25 unknown how long-term anthropogenic fertilization affects the ecological succession of 26 microbial functional guilds and its underlying community assembly mechanisms. Here, using 27 archived soils, we examined more than a century's succession in soil microbial functional 28 communities (from 1870 to 2008) from the Park Grass Experiment at Rothamsted 29 Experimental Station, the longest running ecological experiment in the world. Long-term 30 fertilization was found to significantly alter soil functional community structure and led to 31 increasingly convergent succession of soil microbial communities. Meta-analysis indicated 32 that microbial temporal turnover (w) was highly time scale-dependent, and the w value 33 threshold was estimated as 0.0025 with a threshold time point of approximately 160 years. In 34
Introduction 41
Ecological succession, the change in community composition and structure over time, is 42 arguably the oldest and most intensively studied concept in animal and plant ecology 1 . 43
Determining temporal succession and its underlying mechanisms are fundamental objectives 44 of ecological research and critical for predicting ecosystem functioning in response to 45 anthropogenic activities. Although microbial communities constitute a large portion of the 46
Earth's biosphere and are important in maintaining various biogeochemical processes that 47 mediate ecosystem functions, the temporal succession and assembly mechanisms of microbial 48 communities are poorly understood. Recently, using high-throughput metagenomic 49 technologies, various temporal dynamic patterns were reported in microbial communities from 50 various habitats, such as species-time relationship (STR) 2-7 and time decay relationship 51 (TDR) [8] [9] [10] [11] . It is generally considered that the temporal turnover of microbial communities is 52 lower than that of larger organisms due to the unique biology of microorganisms, including 53 their massive population sizes, high dispersal rates, rapid asexual reproduction, and resistance 54 to extinction 10 . However, the mechanisms driving such temporal successional patterns remain 55 controversial. For instance, under resource-rich and low-stress environments, microbial 56 succession was found to be governed primarily by stochastic processes (e.g., dispersal and 57 drift) [12] [13] [14] . In contrast, under environments with selective pressures, microbial succession was 58 reported to be controlled by deterministic abiotic filtering, including temperature 15, 16 , pH 13 , 59
resource type 7, 17 , nutrient availability 18, 19 , and/or biotic interactions 20, 21 . 60 6 indicated greater community similarity in fertilized soils than in control soil. The effect of 128 DNA degradation with storage time was normalized by applying the same molar quantity of 129 DNA to each GeoChip array 47 , regardless of extraction yield. Whether or not DNA recovery 130 was considered, temporal turnover decreased under long-term fertilization (Fig. S2) . 131
The slopes of the TDRs for various functional (C, N, P and S cycling) and phylogenetic 132 (archaea, fungi and bacteria) groups were estimated to obtain additional insights into the 133 temporal changes of different functional and phylogenetic groups in response to fertilization 134 (Fig. 2b ). Significant TDRs were found for most functional groups in both control and 135 fertilized soils, with nitrification groups being an exception. Additionally, functional genes 136 involved in ammonification and phosphorus cycling in control soils did not show significant 137
TDRs. Denitrification groups exhibited the greatest difference of turnover rate between 138 fertilized and control samples. Significant TDRs were observed for archaea, fungi and bacteria 139 in both control and fertilized soil samples (p < 0.05). In addition, long-term fertilization 140 decreased temporal turnover for all phylogenetic groups (Table S1 ). The greatest differences 141 were found in fungi (p < 0.0001), followed by gram-positive bacteria. 142
Time-scale dependence of microbial successional rates. A meta-analysis was conducted to 143 further understand the long-term microbial succession pattern over time periods (Fig. 3 , Table  144 S2). Microbial temporal turnovers varied considerably, ranging from 0.001 to 0.31, in different 145 habitats and across different time scales (days to more than a century). A conceptual model 146 with a corresponding mathematical description (rational function) was proposed (Fig. 3a) , 147 which is hypothesized to have three phases: In Phase I, w increases with time scale (probably7 threshold can be defined as the tipping (or threshold) point after which w cannot be 157 differentiable from a random pattern. The minimum nonrandom w value (wt) is estimated as 158 0.0025 and the estimated tipping point is approximately160 years. 159
Ecological stochasticity under long-term fertilization. Null model-based quantification of 160 ecological stochasticity was conducted to test the hypothesis that long-term inorganic 161 fertilization alters the relative importance of stochastic and deterministic processes in driving 162 community succession (Fig. 4) . Community assembly was relatively more stochastic in the 163 control plot than in the fertilized plots, with a mean stochasticity ratio (ST) of 0.59 (73% ST > 164 0.5) and 0.49 (42% ST > 0.5), respectively (paired Wilcoxon test p < 0.0001). The temporal 165 succession changed from relatively deterministic (3-year ST=0.35~0.45 for control and 166 fertilization) to more stochastic (138-year ST = 0.82 for control and 0.68 for fertilization), 167
suggesting that stochastic processes became increasingly important with increasing lengths of 168 community succession. Moreover, fertilization significantly slowed down the increase rate of 169 stochastic processes, resulting in an ST-time slope of nearly half that of the control (slope = 170 0.132 for control and 0.070 for fertilization, bootstrapping test P < 0.0001). 171
We further compared the effects of fertilization on the ecological stochasticity of different soil 172 functional guilds involved in C and N cycling. As shown in the conceptual diagram (Fig. 5 , 173 were strongly associated with a reduction in stochastic assembly. Inorganic fertilization may 204 exert different selective effects on the regional species pool and specific species 57 through 205 changes in soil C and N stoichiometric characteristics 58 . Varied niche selection could decrease 206 the importance of stochastic factors in affecting microbial functional community succession to 207 different extents. As in this study, nitrate fertilization increased the concentration of a specific 208 substrate for denitrifiers and stimulated plant growth and thus increased specific C and organic 209 N plant inputs (Fig. S3) . Hence, large effects derived from the decrease in stochastic assembly 210
were observed for functional groups involved in C degradation and fixation, N fixation, and9 the least impacted by the changing importance of deterministic factors. This behavior may be 213 because the nitrifiers are less abundant and more specialized than other taxa involved in N 214
cycling. There are relatively few ammonia oxidizing bacteria (and archaea) and nitrite 215 oxidizers, and they are probably less resilient, so only those adapted to the PGE plot conditions 216 can survive, resulting in limited potential for stochastic or deterministic divergence. Second, 217 fertilization could also indirectly enhance the selection of host-associated microbial 218 communities through changing plant diversity and biomass 59 . Considerable species loss 219 following N enrichment is observed across terrestrial herbaceous ecosystems 60 . Plant species 220 diversity significantly decreased with long-term fertilization in the PGE 61 , which may result in 221 a more specialized habitat and is another important selection process 62, 63 . This trend could 222 explain why fertilization showed large to medium effects on the guilds related to plant C and 223 organic N transformation and root-associated N fixation. 224
In addition, despite this is the first study to understand the microbial succession and assembly 225 mechanism across more than a century long time, there are some limitations. First, due to 226 historical issues, replicate plots are not available for our study from this unique experiment site. 227
The fertilization is most likely the major reason of the significant difference between the two 228 plots, since the adjacent plots are highly similar in other environmental properties and the 229 significant trends were observed from multiple-time observations across a century. 230
Nevertheless, without replicate plots, it is difficult to parse out contribution of other factors 231 (e.g. soil heterogeneity) to the between-plot difference. Second, since very limited amount of 232 soil samples can be obtained across such long time, the lack of complete edaphic properties 233 constrains us to tease apart how stochasticity may manifest via dispersal or via environmental 234 filtering. Another issue is that the impact of using archived soil on genomic analysis. The 235 impact of archiving on microbial community DNA includes not only degradation in DNA 236 quantity over time, but also rapid and long-term changes in microbial community composition 237 during air-drying and storage. In this case, the DNA that remains in the air-dried soil definitely 238 could not fully represent what are in the original soil. Indeed, we could not assess the 239 magnitude of the storage-induced biases or how these biases may affect the temporal changes 240 of biodiversity. Since archived soil is the only option here, thus we mainly focus on the 241 comparison of the relative changes between treatment and control. We believe that the 242 findings of this study are robust because biases from above reasons can be amended by 243 relative changes comparison 45, 48 . 244
Conclusions 245
Our study demonstrates that intensive N applications resulted in decelerating the temporal 246 turnover of soil functional communities, underpinning the differing influences of assembly 247 mechanisms on century long microbial succession. The importance of stochastic assembly 248 differed for soil functional guilds (C, N, P and S) with century long fertilization. These findings 249 have important implications for predicting the ecological consequences of anthropogenically 250 derived N addition at the century scale. The deterministic factors influencing community 251 assembly in fertilized soils may reflect a community with low functional redundancy and hence 252 possibly high susceptibility to disturbances. Terrestrial microbial communities would be much 253 more convergent with increasing N load. Because N addition reduced stochasticity over time, 254 the communities could converge more quickly to a community state with less stochasticity. 255
This effect should be considered when predicting and protecting ecosystem services of soil 256 microbial communities and informing sustainable agricultural practices. In addition, our study 257 demonstrates the value of archived soils for microbial ecology studies employing metagenomic 258 techniques 64 . The availability of archived soil samples makes it possible to track long-term 259 (over a century) impacts of fertilization on grassland ecosystems and to better understand the 260 succession of microbial communities in response to long-term anthropogenic activities across 261 more than a century. It should be noted that our estimation of ecological stochasticity was 262 based on null model analysis and thus cannot avoid interference from randomness due to some 263 deterministic processes (e.g., environmental stochasticity), statistical uncertainties, and 264 inherently high variation in molecular methods 65, 66 . Thus, the values should be viewed as 265 statistically approximate and are better used for relative comparison 48 . However, the long-term 266 average trends, particularly the comparison of average trends between the contrasting 267 treatments, are informative and provide novel and important insights. 
387

Methods 428
Study sites and sample collection. To understand the impacts of long-term inorganic 429 fertilization on soil microbial functional community structure and succession, archived soil 430 samples were taken from Plot 3 and Plot 14/2 of Park Grass, dating back to 1870, 1876, 1906, 431 1923, 1959, 1976, 1984, 1991, 1998, 2002, 2005 and 2008 for plot 3 and 1870, 1876, 1906, 432 1923, 1939, 1959, 1984, 1991, 1998, 2002, 2005 as magnesium sulfate, and no lime was applied). In total, there are 24 archived soil samples, 437 namely, 12 control samples and 12 fertilized samples. Soils were sampled from 0-10 cm in 438 depth, air-dried and archived in glass bottles. The soil pH was approximately 5 to 6 in both 439 plots, measured in water. Soil C and N were measured by a LECO analyzer, and soils were 440 extracted for Olsen P measurements by colorimetry. The mean annual yields of dry matter were 441 2.9 t ha -1 and 6.7 t ha -1 for Plot 3 and Plot 14/2, respectively. Detailed information on the PGE 442 can be found at http://www.rothamsted.ac.uk. 443 DNA extraction and GeoChip hybridization. The archived soil samples were preserved by 444 air-drying, and some were stored for more than 150 years. A previous study from the 445 Rothamsted Broadbalk experiment suggested that air-drying of the soil may have preserved 446 DNA in samples stored more than 150 years through desiccation 67 . Genomic DNA was 447 extracted from archived soil samples 68 . Despite air-drying and long-term storage, high-quality 448 16 the pairwise similarity in community composition (1-Bray-Curtis distance), T is the time 457 interval, and w is a measure of the rate of species turnover with time (temporal turnover). 458
Comparisons of w values between control and fertilized samples and p values were achieved by 459 bootstrapping (999 times), followed by a pairwise t-test. 460
A conceptual model with a corresponding mathematical description (rational function) was 461 proposed in this study (Fig. 3a) . In the early phase, the time difference is too short (e.g., within 462 several seconds) for the community to show obvious change, especially when a diverse 463 microbial community can be resistant to change, i.e., when time interval is close to zero, the 464 TDR slope w is close to zero. Then, on a short time scale (probably from minutes to days or 465 weeks), community changes become detectable; thus, the w should increase from zero to a 466 and between-community diversity was consistent among microbial communities from similar 479 environments 10 . The tail phase (Phase III) can be tested with only long-term datasets, which is 480 now enabled by our century-scale study. 481
The temporal turnover rates (TDR slope w values) were collected from previously published 482 microbial studies (Table S2) , where the time scale ranged from days to years. From our 483 century-long study, temporal turnover rates were calculated using sub-dataset across decades 484 in addition to the overall temporal turnover rate across 138 years. All these w values and their 485 corresponding time scale (Ts) were used to fit a rational function model (Eq. 1 in Fig. 3a)  486 corresponding to the conceptual model for scale dependence of temporal turnover proposed in 487 this study. The model fitting was compared with fitting using six other models, including 488 logarithmic, power law, reciprocal, quadratic, cubic, and linear models (Table S3 ). Linear and 489 other nonlinear models were implemented by using the functions "lm" and "nls" in the R 490 package "stats". The time-scale threshold, after which temporal turnover cannot be differentiable from random 497 patterns, was calculated as the time scale for a minimum nonrandom w value according to the 498 rational function model (Eq.1 in Fig. 3a) . The minimum nonrandom w value is calculated as the 499 95% quantile of w values from null communities randomized using the null model described 500 below. Considering the uncertainty of coefficient values (k, b1, b2), w-vs-Ts data points were 501 randomly drawn (bootstrapping) 1000 times to calculate the coefficients of the rational 502 function model. Then, 1000 estimated time-scale threshold values were calculated to obtain the 503 95% quantile as a conservative estimation of the threshold, after which the w could cease to be 504 meaningful (p <0.05). 505
Estimating stochasticity of community assembly. Null models are an essential tool for 506 assessing the issue of multiple assembly processes by mimicking the consequences of random 507 processes 72, 73 . In a previous study 14 , we assessed the relative importance of stochastic 508 processes with the ST, i.e., the ratio of mean expected similarity in the null model ( ̅̅̅̅ ) to 509 observed similarity ( ), when deterministic factors generally drove community structure to 510 be more similar than the null expectation ( ≥ ̅̅̅̅ ). In the present study, ST is calculated with 511 some modifications as below to be more general 8 . 512
where Cij is the observed similarity between samples i and j, Dij is the dissimilarity, and 515
Dij=1-Cij. Eij is an expected similarity between null samples i and j, while Gij is an expected 516 dissimilarity in the null model. Thus, STij ranges from 0 to 1, where the minimum value is zero 517 when extremely deterministic assembly drives communities completely the same or totally 518 different (Cij = 0 or Dij= 0), and the maximum value is one when completely stochastic 519 assembly makes communities the same as null expectation ( = ̅̅̅̅ and = ̅̅̅̅ ). 520
Considering that relative abundances carry information useful for understanding ecological 521 processes 74, 75 , the similarity/dissimilarity was measured by the abundance-weighted 522
Bray-Curtis index. The null communities are generated by randomizing the observed 523 community structure 1,000 times based on a null model algorithm described previously 75 . 524
Since we focus on mechanisms underlying temporal succession rather than spatial turnover, the 525 null hypothesis is stochastic succession over time, i.e., the detection or non detection of an 526
individual of a certain species at a time point is due to stochastic processes (e.g., neutral 527 dispersal from a metacommunity, stochastic birth/death, and random diversification) without 528 any determinism (e.g., environmental filtering, competition, mutualism, and evolution under 529 natural selection). Accordingly, all samples from the same plot at different time points are 530 assumed to be from the same species pool across time in our null model algorithm. During 531 randomization, the richness (observed gene numbers) and total gene abundance in each sample 532 are fixed as observed, while the occurrence probability of each gene is proportional to its 533 observed occurrence frequency, and the abundance of each gene is based on random draws of 534 individuals with probability proportional to its relative abundance in the regional species pool. 535 Then, ̅̅̅̅ is calculated as the average null expected similarity between samples i and j and ̅̅̅̅ 536 as the average null expected dissimilarity. STij was calculated between every two time points 537 for each plot. Then, the differences in STij values between the control and fertilized plots were 538 tested with a paired t-test. The relationship between the pairwise STij and the time interval in 539 each plot was fit to a linear model, and the significance of each model and the slope difference 540 between control and fertilized plots were tested in the same way as described for the 541 time-decay model. 542
Furthermore, STij was also separately calculated for each of the major C and N cycling 543 functional gene groups, considering that ecological stochasticity and its response to 544 fertilization could be different in different guilds. Subcommunities were extracted for each 545 gene group, including the nitrification group, the denitrification group, the labile C degradation 546 group, etc. Then, the STij of each gene group was calculated using the same method described 547 above. To evaluate the effect of fertilization on ecological stochasticity, Cohen where rb is the mean rank of between-group dissimilarities, rw is the mean rank of within-group 564 dissimilarities, and n is the total number. According to the ranks of the dissimilarities, statistic 20 indicates no difference among groups, and R > 0 indicates that groups differ in community 567 composition. 568 A meta-analysis was conducted to fit the proposed rational function model, as well as other 613 models for comparison (supplementary Table S3 ). The red line represents the best-fitted 614 rational function model. SEE, standard error of the estimate (details in Table S3 ). Succession 615 data of microbial communities were obtained from 76 datasets in published studies 616 (supplementary Table S2 ) and this study. The habitats include air, marine, leaf, surface water, 617 wastewater treatment and soil habitats. gases by blue rectangles, microbial processes by orange parallelograms, and plant processes by 634 green parallelograms. 635
